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Abstract. In an effort to reduce the cost and increase the material compatibility of encapsulated phase change materials 
(EPCMs) a new encapsulated system has been proposed. In the current study a molten salt eutectic of barium chloride 
(53% wt.), potassium chloride (28% wt.) and sodium chloride (19% wt.) has been identified as a promising candidate for 
low cost EPCM storage systems. The latent heat, melting point and thermal stability of the phase change material (PCM) 
was determined by DSC and was found to be in good agreement with results published in the literature. To cope with the 
corrosive nature of the PCM, it was decided that a fly-ash based geopolymer met the thermal and economic constraints 
for encapsulation. The thermal stability of the geopolymer shell was also tested with several formulations proving to form 
a stable shell for the chosen PCM at 200°C and/or 600°C. Lastly several capsules of the geopolymer shell with a chloride 
PCM were fabricated using a variety of methods with several samples remaining stable after exposure to 600°C testing. 
INTRODUCTION 
Encapsulated PCMs are viewed as a promising solution to the lengthy charge/discharge times and material issues 
currently associated with latent heat storage systems. The encapsulation of the PCM serves to increase heat transfer 
between the heat transfer fluid (HTF) and the PCM by using an appropriate material. The shell that is formed has the 
additional benefits of acting as a barrier between the PCM and the environment (reducing compatibility issues) and 
controlling the volume change of the PCM as it undergoes phase change. In the current work a previously identified 
PCM has been experimentally tested to confirm its suitability as a high temperature storage solution by measuring 
the melting point and latent heat of the PCM, with the identified PCM being a eutectic of barium chloride (53% wt.), 
potassium chloride (28% wt.) and sodium chloride (19% wt.). The thermal stability and decomposition temperature 
of the PCM were also determined. As the shell material plays a crucial role in containing the PCM and facilitating 
good heat exchange, a thorough search was conducted to find suitable shell materials. As the PCM was identified as 
being highly corrosive, metal shells are inappropriate. Furthermore it was found that even for non-corrosive PCMs 
metal-based encapsulations remain too expensive1. It was therefore decided that potential materials that are 
inexpensive and stable at high temperatures are ceramic based. Furthering the work performed by Ref. 2 several 
ceramic based materials were identified. Of those deemed suitable, a fly-ash based geopolymer was found to result 
in the lowest cost capsules. To create the geopolymer capsules two methods were employed, namely dip-coating and 
pre-formed shells. The paper details the results of the DSC testing on the PCM. It also describes the work done to 
determine the stability of the prepared geopolymer capsules and the lessons learned to date. 
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METHODOLOGY 
PCM Preparation 
BaCl2(dihydrate), NaCl and KCl were purchased separately from ACE Chemicals at lab grade purity. Each salt 
was then dried in an oven at 150°C for 2 hours before being added in the correct weight percentage to the mix and 
then ground for 30 minutes. The sample was then placed in an oven to undergo one melt/freeze cycle to ensure the 
eutectic was formed. For some of the proposed capsule configurations it was necessary to have the PCM in pellet 
form. To achieve this the eutectic PCM was crushed and then pelletised using pressure press. 
DSC Calibration and Testing 
Samples were tested in a Setaram Labsys 16 DSC/TGA. The DSC was calibrated using 99.99% pure aluminum 
and 99.99% zinc. The deviation in calibration measurements was less than 3%. Powders were mixed and pre-melted 
in a 99.7% alumina crucible, then samples varying between 9mg and 12mg were taken from the solidified melt and 
placed into 99.7% alumina DSC/TGA crucibles. A clay lid was placed over the crucible, and the samples were 
placed in the DSC. The samples were heated to 500°C, and held there for 45 minutes. Then the samples were heated 
at 10°C/min to 570°C and cooled. The DSC curve was integrated around the melting point, and the baseline and 
specific heat contributions were subtracted. Empty samples with clay lids were verified not to have any features 
between 500°C and 570°C. 
Shell Preparation 
To investigate potential materials capable of serving as a shell for PCMs around 600°C, several material 
combinations were considered. The shell materials studied in the current paper were a combination of local waste 
materials (fly ash and black sand), refractory materials (high temperature alumina cements) and local and foreign 
sourced water glass (Na2SiO3) with a variety of binders. Each material was added at a specific weight ratio and then 
a binder was added to form a slurry.  The PCM was then dip coated and cured twice to achieve an even 
coated encapsulated tablet. After curing was deemed complete, the PCMs were heated in an oven at 80°C for 3h, 
followed by 200°C for 12h prior to the 600°C heating test. A total of 18 material combinations were tested in the 
current study fabricated from the aforementioned materials. 
Capsule Design 
The design of the capsule is an important parameter to ensure sufficient heat transfer, a large energy density and 
minimisation of capsule stresses. The shape of the capsule has a large influence on the heat transfer and therefore the 
charge/discharge time of the system. For efficient storage it is desirable to have large heat transfer rates. Generally 
the capsule geometry is spherical, rectangular or cylindrical, although other geometries have been studied. A review 
on various capsule configurations has previously been conducted3, while the effect of capsule geometry on the 
melting/freezing of paraffin has also been studied4. The analysed geometries included spheres, cylinders, plates and 
tubes. From their analysis it was found that spherical capsules resulted in the highest heat transfer rate, and are 
therefore used in the current study. The size of the capsule is also of great importance for influencing the heat 
transfer rate. It is widely accepted that the heat transfer rate of capsules increases as the capsule reduces in size. 
However, a reduction in size increases pressure losses and handling issues; it also decreases the energy density of 
the capsule. To optimise the size of encapsulated PCMs for high temperature storage, Ref. 5 compared the latent 
heat utilisation to the pressure drop of the system. They concluded that for a PCM with a latent heat of ≈200kJ/kg 
the optimal capsule diameter is 10mm-12mm. It was also concluded that for PCMs with a higher latent heat, a 
smaller capsule was needed while a lower latent heats requires larger capsules. Lastly the thickness of the shell and 
the maximum cooling rate needs to be determined. During phase change the volume of the PCM usually increases 
by 20% or more6, resulting in a large strain on the shell wall. The internal strains undergone by the capsule shell 
during phase change was studied by Ref. 7 and a minimum shell thickness was determined. 
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In the above equation rmin and r are the minimal shell thickness and core radius, respectively. Furthermore ν is 
the shell material Poisson’s ratio, E is the Young’s modulus (Pa), σ is the yield strength of the shell material (Pa), 
ΔT is the temperature difference in the system, α is the coefficient of linear expansion (k-1) and ρ is the solid and 
liquid density of the PCM (kg/m3). In the current study the shell properties were based on alumina with the values 
given in TABLE 1 below. 
TABLE 1. Shell Properties 
Property Value8 
r 0.005m 
ν 0.27 
E 3.93E11 Pa 
σ 2.8E8 Pa 
ΔT 200K 
α 8.4E-6 k-1 
ρ 3010kg/m3 (solid)9, 10 
2342kg/m3 (liquid) 
 
Using the above design strategies, it was determined that spherical capsules with a diameter of 10mm and a shell 
thickness of 1mm were suitable.  
Capsule Preparation 
The geopolymer capsules were fabricated using two methods: dip-coating and pre-formed shells. In the dip 
coating method the PCM pellet is coated in the geopolymer slurry and left to cure. This method can be performed 
twice to achieve a more even shell coating and shape. For the fabrication of the pre-formed shells a mould was 
constructed that allowed the capsule halves to be filled and cured. The PCM was then filled into the hollow of the 
shell, with the shell sealed using the geopolymer slurry (see FIGURE 1). A void can be left if the shell is filled with 
solid PCM. No void is necessary if the shell is filled by liquid PCM. In each case the curing time was initially set at 
14 days. 
RESULTS 
DSC Testing 
To test the applicability of (Ba-K-Na)-Cl as a high temperature PCM the latent heat and melting temperature was 
determined using DSC. The results from this test were also compared to Ref. 9, 10 to ensure that the results and 
method are appropriate (see TABLE 2). 
FIGURE 1. Preformed Shell Method
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TABLE 2. DSC Results 
* Onset of melting 
From TABLE 2 it can be seen that the results of the current study are in good agreement with the experimental 
results9, 10, confirming that the DSC method used produces reliable results.  
Capsule Fabrication 
Initially the dip coating method was trialed. There were no observable issues with coating the PCM pellet with 
the fly-ash geopolymer with a basic binder, with good adhesion being observed. However once cured it became 
clear that it was difficult to maintain a uniform shell thickness and capsule shape. This is undesirable as non-uniform 
shape and shell thickness promotes uneven heat transfer and high stress areas during phase change. To maintain a 
uniform shell thickness and shape it was decided to use preformed capsules. This allowed a greater control over size, 
shape and shell thickness, albeit with a more complicated encapsulation method. This method also allowed for the 
placement of a void to further reduce the stress of the volume expansion of the PCM. In addition to issues with the 
capsule fabrication, it was also found that after a week of curing, the capsules cracked. It was hypothesised that the 
cause of this was due to the hygroscopic nature of the PCM, causing the shell to lose moisture, dry out and crack 
(see FIGURE 2). To test this, the PCM pellets were recoated and left to cure again. In addition to the PCM pellets, 
non-hygroscopic epoxy pellets were also coated and left to cure. After 3 days the PCM capsules had cracked while 
the epoxy capsules remained stable, thus confirming the initial hypothesis. In an effort to improve the shell stability 
several combinations of ceramic-based materials were prepared and coated on chloride-based pellets. The samples 
where a coated chloride-core are used are denoted as PCM core hereafter, while samples of the pure shell material 
will be denoted as Solid hereafter.  
Capsule Testing 
Each sample was tested for its thermal stability at 200°C and 600°C. The results of these tests are shown in 
TABLE 3, FIGURE 3 and FIGURE 4. In the 200°C test the samples are heated to 200°C, held for several hours 
before being cooled back to room temperature. In the 600°C test the samples are tested for 24 hours. In this test the 
samples are at 600°C for one third of the time and at 500°C for the remainder of the time. After 24 hours the 
samples are cooled to room temperature. The samples were then observed for any cracking. Due to an unavailability 
of the (Ba-K-Na)-Cl pellets, NaCl pellets were used instead. As the melting point of NaCl is 801°C, phase change 
does not occur. However the initial test is to identify shells capable of withstanding high temperatures. Future work 
will be conducted to identify the materials capable of withstanding the high temperatures and phase change.  
 
 
 
 
 
 
# of Cycles Melting Temperature (°C) Latent Heat (kJ/kg) Reference 
0 542 221 [9, 10] 
0 530 ±5* 211 Current Study 
FIGURE 2. Cracked Geopolymer Capsules
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TABLE 3. Material Combinations 
SAMPLE 
# 
STABILITY AT 200°C STABILITY AT 600°C 
PCM Core Solid PCM Core Solid 
1 Slight Cracking Slight Cracking and 
Shape Deformation 
Significant Cracking Small Cracking and 
Loss of Shell 
2 Slight Cracking No cracking observed Significant Cracking No cracking 
observed 
3 Discolouration Slight Cracking and 
Shape Deformation 
Significant Cracking Loss of Shape 
4 No cracking observed No cracking observed Very Slight Cracking No cracking 
observed 
5 Slight Cracking No cracking observed Slight Cracking Slight Cracking 
6 No cracking observed No cracking observed No cracking observed No cracking 
observed 
7 Slight Cracking Slight Cracking and 
Shape Deformation 
Significant Cracking Loss of Shape 
8 Slight Cracking No cracking observed Slight Cracking No cracking 
observed 
9 Peeling of outer layer Slight Cracking and 
Shape Deformation 
Significant Cracking 
and loss of outer layer 
Loss of shape 
10 No cracking observed No cracking observed Slight Cracking No cracking 
Observed 
11 Slight Cracking and 
loss of outer layer 
Loss of outer layer Significant cracking 
and loss of outer layer 
Loss of outer layer 
12 No cracking observed No cracking observed Significant Cracking No cracking 
observed 
13 Slight Cracking Slight Cracking Significant Cracking No cracking 
observed 
14 No cracking observed No cracking observed Very slight cracking No cracking 
observed 
15 No cracking observed Loss of shape No cracking observed No cracking 
observed 
16 No cracking observed No cracking observed No cracking observed No cracking 
observed 
17 No cracking observed Loss of shape No cracking observed No cracking 
observed 
18 No cracking observed No cracking observed No cracking observed No cracking 
observed 
 
Results from TABLE 3 indicate that half of the samples (PCM core and solid) suffered from some sort of 
cracking, discolouration or loss of shape after the 200°C tests. This is most likely caused by the loss of moisture 
from the shell resulting in embrittlement and cracking. This was found to be mainly pertinent in the samples 
containing large amounts of the fly-ash based geopolymer. After the 600°C test, only five (5) PCM core samples 
managed to survive without cracking (mainly samples with large amounts of sodium silicate). The solid samples 
fared much better with 12 samples showing no signs of damage after heating. This suggests that the PCM core plays 
a large part in promoting cracking. To circumvent this a thicker shell may be required. Having confirmed several 
material combinations capable of surviving the 600°C test, further work will focus on testing the temperature limit 
prior to cracking and the whether phase change in the core plays a large part in destabilising the shell. 
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Material Costs 
In the following section a comparison of material costs has been studied (see TABLE 4). It should be noted that 
the costs indicated in this section are based on bulk costs and may not include other costs such as transport and 
processing. This section is set out to show the costs of the shell only. Encapsulation methods and costs can be found 
in other literature1, 5.  
 
 
 
 
FIGURE 3. Sample 12 after Heating Tests 
(Top- After 200°C Test; Bottom- After 600°C Test) 
PCM 
C
Soli
d
Solid 
PCM Core 
FIGURE 4. Sample 16 after Heating Tests 
(Top- After 200°C Test; Bottom- After 600°C Test) 
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TABLE 4. Bulk Material Prices 
Shell Material Cost ($US/kg) 
Carbon Steel 0.5511 
Stainless Steel 2.47 [304]11
3.45 [316]11 
Nickel 10.712 
Alumina 0.61 [α-Alumina powder]13 
Silicon Carbide 1.0314 
Sodium Silicate 0.2515 
High Temperature Cement 0.6616 
Fly-Ash 0.0517 
 
It can be seen from TABLE 4 that the cost of ceramic shells are significantly less expensive than those of metals 
(with the exception of carbon steel.) It can also be seen that sodium silicate and fly-ash are also significantly lower 
in cost that the other ceramics. Therefore a shell utilising these materials can result in significantly lower 
encapsulation, and therefore system, costs.    
CONCLUSIONS  
In an effort to reduce the cost of TES, PCM capsules have been fabricated from low-cost and/or waste products 
and a low-cost chloride salt. The chloride salt has undergone DSC testing with the results agreeing favorably with 
previous experimental results. The effect of cycling on the thermophysical properties of the PCM is currently 
underway. Several methods of encapsulation were tested including dip-coating and the creation of preformed 
capsules. The dip-coated capsules resulted in non-uniform shell thickness and shape. To solve this a mould was 
fabricated. Initially there was an issue with the hydgroscopic nature of the chloride PCM causing the fly-ash based 
geopolymers to dry and crack. To solve this a variety of new shell materials based on ceramic materials have been 
fabricated and tested at 200°C and 600°C. Several of the samples (mostly sodium silicate based materials) were 
found to be stable at 600°C suggesting that these materials are capable of providing a low-cost solution for high 
temperature thermal energy storage.  
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